I. INTRODUCTION
In the study of self-assembled structure constructed by organic molecules, the determination of the structure included the molecular orientation is very important. For example, almost all amino acid adsorbs on a single crystal metal surface as an anion removed hydrogen atom from a carboxy group (-COOH), and is bound with oxygen atom in the carboxylate group and a nitrogen atom in an amino group [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . It has been known that between the adsorbates interact by hydrogen bonding mainly between a carboxylate group and an amino group, using also a functional group including nitrogen or oxygen (or sulfur) atom if the group exists [7-11, 15, 16] , then some selfassembled structures reflected the molecular chirality are formed.
The self-assembled structure of alanine on Cu(001) surface has been well studied by various surface analysis methods and density functional theory (DFT) calculation [11] [12] [13] [14] . The L-and the D-alanine on the Cu(001) arrange along the [130] (or [310] ) and the [130] (or [310] ) direction, respectively, with c(2×4) periodicity with fourfold rotational symmetry ( Fig. 1) [13] . These domain structures are relation of mirror symmetry, and are independent of the coverage, the sample temperature and the time elapse. The adjacent adsobates are bound by hydrogen bonding between a particular oxygen atom in a carboxylate group and a nitrogen atom in an amino group ( Fig. 1(a) ). The O-O axis of the carboxylate group and the H-H axis of the amino group are held in the horizontal to the surface. Although a methyl group pointing away from the surface is stable since no interaction between the methyl group and other functional group (or substrate) is at room temperature, a few adsorbates disguise heterochial adsorbate in the heterochiral domain pointing the methyl group toward the surface, and are stabilized ( Fig. 1(b) ). For example, in racemic alanine adsorption, a few L-alanine molecules mimic D-alanine and get mixed in the D-alanine domain [13] .
The self-assembled structure about L-serine on Cu(001) surface has been studied using a low energy electron diffraction (LEED) and a scanning tunneling microscope (STM) [15, 16] . The domain structure is very individual * Corresponding author: iwai@cc.utsunomiya-u.ac.jp as double domains, and depends on the coverage and the time elapse from the dosage of serine. In lower coverage at room temperature, the adsorbed L-serine forms early "thick line" domain with ) periodicity ( Fig. 2(b) ), then the domain transforms gradually to one dimensional gthin lineh domain ordering with
, where x and y are integer, taking for about two hours ( Fig. 2(a) ). There are equivalent domains with four-fold rotational symmetry for those,
and
periodicity, respectively, and these are also the relation of mirror symmetry. On the other hand, in higher coverage, only the "thick line" domain is observed even after two hours. According to the analysis of the LEED patterns and the STM images referred the structure of alanine on Cu(001), each adsorbed structure model has been proposed as follows. The L-serine is bound by two oxygen atoms in carboxylate group and a nitrogen atom in amino group on Cu(001). Furthermore, a dimer row by adsorbates is dominantly constructed as the structure of an octermeric serine cluster [17] , involving hydrogen bonding by hydroxymethyl group (-CH 2 OH). Just after exposure of the serine, the interaction between the hydroxymethyl groups is dominant, then the adsorbed L-serine forms the "thick line" domain in the same relative position of amino group to carboxylate as D-alanine on Cu(001) ("D-type" adsorption; shown in right upper in Fig. 2(a) ). On the other hand, it is guessed that the "thin line" domain reveals because the interaction between carboxylate group and amino group probably becomes superior. The relative orientation of amino group to carboxylate for the "thin line" domain is as L-alanine on Cu(001) ("L-type" adsorption; shown in right upper in Fig. 2(b) ).
In this work, Reflection Absorption Infrared Spectroscopy (RAIRS) measurements depended on the coverage of L-serine were carried out in order to verify whether the molecular orientation of the adsorbate proposed as mentioned above is right.
II. EXPERIMENTAL
The Cu(001) surface was cleaned by Ar + sputtering and annealing at 800 K cycles in a UHV system until the appearance of a sharp (1×1) LEED pattern was obtained. ) periodicity as indicated by dotted rectangle at higher coverage or just after exposure of the serine at lower coverage.
in an alumina tube wrapped by Ta foil. Before evaporation, the L-serine was completely outgassed at 360 K and was heated to about 380 K during dosing to the Cu crystal kept at 310 K. RAIRS measurements were carried out in another UHV chamber interfaced to a Mattson-Infinity FT-IR spectrometer with ZnSe windows. An MCT detector cooled at a liquid nitrogen temperature was used with a spectral range of 900-3500 cm −1 . The spectrometer was operated with a resolution of 4 cm −1 and typically 1000 scans. The RAIRS measurements were carried out 2 hours after L-serine dosage. The L-serine coverage in RAIRS is controlled by the exposure (1 L = 1.0×10 −6 Torr·s).
III. RESULTS AND DISCUSSION
The RAIRS results depended on the L-serine coverage on Cu(001) are shown in Fig. 3 (lower panel) , comparing with RAIRS of L-alanine on Cu(001) at saturated coverage (upper panel in Fig. 3) . Table I summarizes the vibrational frequencies observed in the present study and possible assignments in the published data for alanine adsorbed on Cu(001) [13] . In the RAIR spectra of L-serine, some characteristic IR bands of serine appear which are methylene group (-CH 2 -) and hydroxy group (-COH) in a hydroxymethyl group. It was too faint to observe -OH vibration of the hydroxyl group (∼3600 cm −1 ). An absorption bands for amino group are observed as wagging ω(NH 2 ) at 1147 cm −1 and scissoring δ(NH 2 ) modes at 1519 cm −1 . Also the band of the δ(NH 2 ) is not appeared in L-alanine on Cu(001) surface, thus this indicates that the H-H axis tilts to the surface from the selection rule as shown in Fig. 4(a) .
No signal of carboxy group (-COOH: 1700-1725 cm −1 ) was revealed as the same with the adsorption of other amino acids, alternatively an absorption bands for a symmetric stretching ν s (OCO − ) (1413-1417 cm −1 ) and an asymmetric stretching ν a (OCO − ) (around 1600 cm −1 ) of carboxylate (OCO − ) were observed. These bands intensify with increasing the coverage. The asymmetric stretching mode is observed also in L-alanine on Cu(110) but not in L-alanine on Cu(001) [5, 13] . The existence of both bands indicates that also the O-O axis tilts to the surface from surface selection rule as shown in Fig. 4(b) group has been observed in amino acids adsorbed on a solid surface in vacuum. On the other hand, the asymmetric stretching mode of carboxylate is strongly influenced by its local structural and chemical environments, and is sensitively observed in the wide frequency region [19] . The energy shift depends on the changes of the electron density in the carboxylate as following environments: 1) existence of electron-withdrawing groups, 2) formation of hydrogen bonding and 3) coordination to metal element(s). The existence of electron-withdrawing group, the formation of hydrogen bonding and the coordination with only one oxygen atom of carboxylate to a single metal element (as monodentate) cause increase in ν a (OCO − ), conversely, the coordination using both oxygen atoms in one carboxylate (as bidentate) may bring decrease in ν a (OCO − ). In the system of serine on Cu(001) surface, the serine bonds with the Cu atoms by the carboxylate of the serine, and constructs the unique domains by the hydrogen bonding between the carboxylate and an amino groups depending on the coverage. In the "thin line" domain at lower coverage, since the effect of the hydrogen bonding is weak and the carboxylate group is bound to surface as bidentate with inclination, red shift of ν a (OCO − ) may slightly occur. However, the increase of the coverage brings about stability of "thick line" domain. It is speculated that firm multi-hydrogen bonding between carboxylate and amino groups are formed in this domain. Moreover, one oxygen atom in some carboxylates in the domain may separate from a Cu atom under the influence of the firm hydrogen bonding, then the carboxylate might adsorb as like monodentate. Since these conditions lead the blue shift of some OCO − asymmetric stretching modes, it is possibly observed as the broad peak at 1540-1660cm −1 . The orientation of the adsorbed serine can be considered by the bands of COH scissoring δ(COH) at 1232 cm −1 , C * -H bending δ(C * H) at 1299 cm −1 and C * -H stretching ν(C * H) at 2881 cm −1 , where C * denotes chiral carbon atom. The intensity of the δ(C * H) decreases and one of the ν(C * H) increases with the increasing of coverage. These results indicate that the C * -H bond axis is parallel to the surface at lower coverage and is perpendicular at higher coverage. If L-serine adsorbs as Dtype on Cu(001), then the δ(C * H) is IR active, and the ν(C * H) is IR active in L-type. Thus, these explanations are not contradictory to the proposed adsorption model of L-serine on Cu(001) surface.
A frequency of 1081-1086 cm −1 has been assigned as a CCN asymmetric stretching mode ν a (CCN) for alanine on Cu(110) and alanine on Cu(001), and these bands have appeared strongly [5, 13] . Although it is obvious that the second C in the "CCN" denotes chiral carbon atom C * , the first C is obscure, carboxylate or methyl group (or both). It has been known that a glycine molecule on Cu(001) adsorbs as the same ordering and the similar orientation on Cu(001). However, no band observes at 1081-1086 cm −1 in the glycine on Cu(001) surface [3] . That is, it is interpreted that the first C in the ν a (CCN) http://www.sssj.org/ejssnt (J-Stage: http://www.jstage.jst.go.jp/browse/ejssnt/) of alanine on Cu surface denotes of the methyl group. In a serine on Cu(001), a frequency of 1081 cm −1 is observed weakly even at higher coverage, and this is assigned as the ν a (CCN). Although it is guessed that the first C is of methylene group, it is unknown why the intensity in methylene group is weaker than methyl group.
Finally, we discuss that an absorption band assigned as ν(CO) causes blue shift with the increase of the coverage. According to the temperature-dependent IR spectra of a polyvinyl alcohol (PVA) film, a sharp band at 1141 cm −1 and a broad band around 1095 cm −1 are observed [20] . These bands have been assigned to the C-O stretching modes of crystalline and amorphous phase, respectively. It is probably interpreted that the ν(CO) bands appear at about 1141 and 1095 cm −1 when the hydrogen bonding between hydroxy groups in PVA is strong (tight) and weak (loose), respectively. Also in a serine on Cu(001), two absorption bands are observed at 1112 and 1141 cm −1 at lower and higher coverage, respectively. These bands are probably assigned as ν(CO). That is, it is considered that there is a few hydrogen bonding by hydroxy group influencing construction of "thin line" domain, which is a weaker or looser at lower coverage as a amorphous PVA. On the other hand, at higher coverage, the functional groups interact orderly in two dimensions as a crystal, and are actively to form the "thick line" domain. Also these interpretations are not contradictory to the proposed adsorption model of L-serine on Cu(001) surface as shown in Fig. 2 .
IV. CONCLUSIONS
The molecular orientation of L-serine on Cu(001) surface was discussed by the RIRAS measurements as a function of exposure. The proposed adsorption structure model of L-serine on Cu(001) is almost right. Furthermore, the facts identified by this work are that the O-O axis of carboxylate group and the H-H axis of amino group tilt to the Cu(001) surface, and that the strength of hydrogen bonding by hydroxy group differs from each domain.
